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Cn-AMP1a b s t r a c t
Multifunctional and promiscuous antimicrobial peptides (AMPs) can be used as an efﬁcient strategy
to control pathogens. However, little is known about the structural properties of plant promiscuous
AMPs without disulﬁde bonds. CD and NMR were used to elucidate the structure of the promiscuous
peptide Cn-AMP1, a disulﬁde-free peptide isolated from green coconut water. Data here reported
shows that peptide structure is transitory and could be different according to the micro-
environment. In this regard, Cn-AMP1 showed a random coil in a water environment and an
a-helical structure in the presence of SDS-d25 micelles. Moreover, deuterium exchange experiments
showed that Gly4, Arg5 and Met9 residues are less accessible to solvent, suggesting that ﬂexibility
and cationic charges seem to be essential for Cn-AMP1 multiple activities.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction among others [5–8]. Recently, three antimicrobial peptides wereThe increasing number of pathogens that are resistant to conven-
tional antibiotics has resulted in a strong effort to develop novel
antimicrobial agents, especially those with unusual mechanisms
of action. Antimicrobial peptides (AMPs) can be used as an efﬁcient
strategy to control bacterial development since they have a broad
spectrum of activity against pathogens, including bacteria, fungi
and virus [1,2]. There are multiple possible ways in which a multi-
functional peptide may lead to bacterial death, including peptide
interactionwith cellular membranes of phospholipids, thus causing
disruption, or due to a peptide binding onto cytoplasmic compo-
nents, causing a deleterious interference in their metabolism [2].
Furthermore, in addition to multiple functions, there are also a
wide number of AMP sources including microorganisms, inverte-
brates, animals and plants [3–5]. In the case of plant tissues, AMPs
have also been isolated from ﬂowers, leaves, roots and seeds,isolated from green coconut water (Cn-AMPs), in a series called
Cn-AMP1 (SVAGRAQGM), Cn-AMP2 (TESYFVFSVGM) and Cn-AMP3
(YCSYTMEA) [9]. These three peptides showed deleterious activity
against multiple Gram-positive and Gram-negative pathogenic
bacteria, with Cn-AMP1 being more active against four bacterial
strains including Escherichia coli, Bacillus subtilis, Staphylococcus
aureus and Pseudomonas aeruginosa. Nevertheless, it is also known
that AMPs are evolutionarily ancient molecules that could act as
constituents of the innate immune system. Recently, it was demon-
strated that a single plant AMP can achieve multiple functions, and
this ability is known as peptide promiscuity [10]. In this context,
Cn-AMP1was also challenged against fungal pathogens and cancerous
cells, showing clear activity. Interestingly, an extra in vitro immuno-
stimulatory activity was exerted by Cn-AMP1, showing that coconut
peptide was capable of up-regulating inﬂammatory-cytokine secre-
tion by monocytes [11], suggesting multiple action mechanisms.
These features give the peptide Cn-AMP1 a promiscuous
character, even not presenting disulﬁde bond connection [9,11]. How-
ever, little is known about structural properties in plant promiscuous
AMPs without disulﬁde bonds. In this view this study was performed
in order to shed some light on the functional–structural relations of
640 M.J. Santana et al. / FEBS Letters 589 (2015) 639–644the promiscuous peptide Cn-AMP1, a promising disulﬁde-free
plant peptide with reduced size and cationic and hydrophobic
properties. The knowledge of NMR Cn-AMP1 tertiary structure
should help toward a better understanding of the mode of
action of plant promiscuous peptides, indicating intramolecular
interactions that govern peptide structure under different
conditions.
2. Materials and methods
2.1. Peptide synthesis and mass spectrometry
Cn-AMP1 was purchased from the company Peptide 2.0 Incor-
porated (USA) which synthesized the peptide with 95% of purity
after TFA removal by stepwise solid-phase synthesis using the
N-9-ﬂuorenylmethyloxycarbonyl (Fmoc) strategy [12]. Cn-AMP1
was puriﬁed using reversed-phase HPLC, and molecular mass
was conﬁrmed and determined using MALDI–ToF MS/MS analysis
(Autoﬂex, Bruker Daltonics, Billerica, MA). The puriﬁed peptide
was dissolved in the smallest water volume that was mixed with
an a-cyano-4-hydroxycinnamic acid saturated matrix solution
(1:3, v:v), spotted onto a MALDI ToF target plate and dried at room
temperature for 5 min. The a-cyano-4-hydroxycinnamic acid
matrix solution was ready at 50 mM in H2O:CAN:TFA (50:50:0.3,
v:v:v). Peptide monoisotopic mass was acquired in the reﬂector
mode with external calibration, using the Peptide Calibration
Standard II for mass spectrometry (up to 4000 Da mass range,
Bruker Daltonics, Billerica, MA).
2.2. Circular dichroism
Circular dichroism (CD) experiments were carried out using a
Jasco 815 spectropolarimeter (JASCO International Co. Ltd.),
coupled to a Peltier Jasco PTC-423L system for temperature control.
In the experiments carried out in the presence of SDS micelles,
50 lM of peptide were added in solutions of 10, 20, 50 and
100 mM sodium dodecyl sulfate (SDS) in water. pH variation was
also studied and samples were prepared to a ﬁnal peptide concen-
tration of 50 lM and 100 mM of SDS in phosphate buffer at pH 3.97
and buffer tris–HCl at pH 7.00. Spectra were collected and averaged
over six scans in the spectral range of 190–260 nm, with 0.1 mm
path length quartz cells at 25 C. A 0.2 nm step resolution,
50 nmmin1 speed, 1 s response time, and 1 nm bandwidth, were
used. Following baseline correction, the observed ellipticity, h
(mdegree) was converted to the molar mean residue ellipticity
[h] (degree cm2 dmol1).
2.3. NMR sample preparation
Initially, 500 lL of a solution containing deionized H2O and HCl,
adjusted to pH 3.97, was prepared and divided into two aliquots of
250 lL. In the ﬁrst fraction 17.60 mg of SDS-d25 with 98% purity
was added. In the second fraction 0.47 mg of Cn-AMP1 peptide
was added. Finally, the two aliquots were mixed and 50 lL of D2-
O:TMSP-d4 solution (99:1 v/v) was added. The ﬁnal solution vol-
ume was 550 lL, corresponding to a concentration of 1.0 mM of
the peptide and 100 mM of the SDS-d25. In order to evaluate the
3D structure of Cn-AMP1 in the absence of surfactant agent
another samples with pH at 3.97 were prepared under the same
conditions listed above, without SDS-d25.
2.4. NMR data acquisition
All NMR data were acquired at 25 C using a Bruker Avance III
500 NMR spectrometer operated at 11.75 T (1H resonancefrequency 500.13 MHz), equipped with a 5 mm TBI probe (1H, 13C
and XBB). The 2D 1H–1H TOCSY and NOESY experiments were
recorded with presaturation as appropriate and using time
proportional phase increment (States TPPI/States) for quadrature
detection in F1. The mixing times were set to 80 ms for TOCSY
(4K  256, 184 scans) and 200 ms for NOESY experiments
(4K  512, 104 scans). The TOCSY and NOESY data were processed
using the program NMRPipe package [13], and converted to the
format NMRView [14].
2.5. Molecular modeling
The calculation of structures was carried out using the program
XPLOR-NIH [15] by simulated annealing (SA) method [16]. Interac-
tions were classiﬁed into short (2.8 Å), medium (3.4 Å) and long
(5.0 Å) range [17]. The structure calculation started with an
extended model, with 18000 steps at high temperature, and
9000 steps of cooling. The ensemble of 20 lower energy structures
(from 200 calculated structures) was chosen to represent the
peptide solution 3D structure. The structural analysis was per-
formed using PROCHECK [18] and the structures were visualized
using PyMOL software [19]. The hydrogen bonds were identiﬁed
using PyMOL software [19], with the distances and angles calcu-
lated using Protein Interactions Calculator (PIC) web server [35].
2.6. Hydrogen–deuterium exchange
For the determination of the peptide kinetics in SDS micelles,
hydrogen–deuterium (H/D) exchange was monitored by NMR
spectroscopy. In H/D exchange experiments, the 1 mM of peptide
sample incorporated in 100 mM of SDS-d25 micelles were lyophi-
lized. The lyophilized material was then dissolved in H2O/D2O
(60:40) at pH 3.97 and soon after a TOCSY spectrum was acquired
as described previously. Subsequently, a series of TOCSY spectra
were acquired for 732 min.
3. Results and discussion
In the present work, the structure of plant disulﬁde-bond-free
multifunctional peptide Cn-AMP1 was studied by CD and NMR in
the presence and absence of SDS micelles.
The far-UV CD spectrum of Cn-AMP1 in aqueous solution shows
a typical spectrum of a peptide in a random coil conformation, with
a negative minimum at 190 nm (Fig. 1A). When interacting with
SDS micelles, the peptide acquired an a-helical fold, characterized
by two minimums at 208 and 222 nm (Fig. 1B). The maximum
a-helical content results occurred in the presence of 100 mM of
SDS. The inﬂuence of pH variation was also evaluated, and CD spec-
tra were obtained at pH 3.97 and 7.00 in the presence of 100 mM of
SDS. Fig. 1C shows that little variation of Cn-AMP1 helical content
was observed when both pHs were compared, but at pH 3.97 the
peptide has a maximum conformation. Then, beyond aqueous
solution, 100 mM of SDS and pH 3.97 was the chosen condition
to determine the Cn-AMP1 structure by NMR.
Both TOCSY spectra, in the presence and absence of SDS,
showed well-resolved signals, making it possible to identify the
chemical shifts of 1H backbone and side chains of all amino acid
residues. The experimental values of 1H NMR chemical shifts were
completely presented in Supplementary Material (Supplementary
Tables S1 and S2). The presence of spreader signals of TOCSY spec-
trum acquired in the presence of SDS-d25 also indicated a well
resolved structure, when compared to spectrum obtained in its
absence (Fig. S1). Moreover, NOESY experiment performed without
SDS-d25 showed few correlations and low intensities signals
(Fig. S2B). The absence of inter-residual NOE correlations provided
Fig. 1. CD spectra of 50 lM of Cn-AMP1 at 25 C. (A) In aqueous solution (without SDS), (B) different concentration of SDS in water and (C) 100 mM of SDS at pH 3.97
(phosphate buffer) and pH 7.00 (Tris–HCl buffer).
Fig. 2. Summary of the sequential and medium-range NOEs observed for the SDS-
d25 micelles bound peptide Cn-AMP1. The thickness of the lines is proportional to
the peak intensity.
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random conformation, as showed by CD spectrum for this condi-
tion. On the other hand, the NOESY experiment in SDS-d25 micelles
presented well-resolved correlations and reliable intensity
(Fig. S2A), which allowed dipolar coupled nucleus analyses.
Therefore, for the peptide in the presence of 100 mM of SDS-d25
at pH 3.97, the NOE correlations were properly identiﬁed and
assigned in the NOESY map using the sequential assignment
method [20]. The signals assignment of NOESY allowed us to
construct the connectivity map HN-Ha to Cn-AMP1 in the presence
of 100 mM of SDS-d25, as shown in S2A. The connectivity sequence
of Cn-AMP1 residues in the above condition was conﬁrmed when
examining the region HN-HN (i, i + 1) of inter-residual interactions.
This region shows the connections between residues, thereby
clearly conﬁrming the Cn-AMP1 primary structure. The presence
of correlations of type HN-Ha and HN-Hb (i + 3 and i + 4) of Ser-1
indicates an a-helical structure in this peptide portion when the
peptide is in the presence of SDS micelles (Fig. S2A). The summary
of NOE connectivity pattern is presented in Fig. 2. It is observed
that the integral values of NOE i  i + 3 and NH–NH are in the same
order of magnitude, suggesting close spatial distances (Table S3).
On the other hand, the interactions i  i + 3 and NH–NH for
5HN–2HA and 9HN–8HN, show clear differences due to structural
ﬂexibility caused by 4Gly and 8Gly, respectively.
After complete assignment, the volume of the correlations from
the NOESY contour map were converted into distance, and 118 dis-
tance restraints were obtained, with an average of 13.1 restrictions
per residue, 43 of these being intraresiduals, 33 short-distance and
42 medium-distance (Table S4). The NOE connectivity diagram(Fig. 2) also showed many medium distance restrictions of the type
daN (i, i + 3) between Ser-1/Gly-4, Val-2/Arg-5, Ala-3/Ala-6 and
Arg-5/Gly-8 residues. The presence of these interactions suggests
a structured segment with helical conformation between these res-
idues. The two restrictions of daN (i, i + 4) type, observed between
Ser-1/Arg-5 and Arg-5/Met-9 residues, indicate a reliable structural
ordering of the peptide. The non-observed HN correlation of the
Ser-1 residue suggests a kind of dynamic in this portion of the pep-
tide, probably due to the liability of the amide hydrogens, exchang-
ing rapidly with the solvent. However, the presence of daN (i, i + 3
and i, i + 1) restrictions indicates a helical structure of the peptide
also in the N-terminal portion. Fig. S3 shows the distribution of the
642 M.J. Santana et al. / FEBS Letters 589 (2015) 639–644main inter-residual interactions that contribute to peptide
structuring.
For the representation of Cn-AMP1 structure in the presence of
100 mM of SDS-d25 at pH 3.97, 200 structures were generated and
then the 20 lowest energy conformations were taken, thereby
obtaining a family of conformations of the peptide. The structures
were visualized using the program PyMOL [19]. Statistical data
from these structures are listed in Table 1. H-bonds measured in
the family of 20 models were also presented in Table S5.
A model of Cn-AMP1 which represents the peptide random
structure in the absence of SDS-d25 micelles was presented in
Fig. 3A since in water environment a coil structure is obtained
for coconut peptide, as showed by CD and NMR data. Otherwise,
Fig. 3B and C shows the superimposition of the 20 lowest energy
structures for Cn-AMP1 in the presence of 100 mM of SDS-d25 at
pH 3.97. The three-dimensional structure of Cn-AMP1 shows a
helical structure between the Ser-1 and Ala-6 residues, which
represents a helical content of 66.7%, a value previously predicted
by in silico theoretical modeling [9]. H-bonds involving atoms
between residues Arg-5-Ser-1; Arg5-Val-2 and Ala-6-Val-2
(Table S5) stabilize the secondary structure element and conﬁrms
the tendency of peptide to form an a-helical structure. However,
due to conformational dynamics, the Ser-1 residue does not form
an effective a-helix, although its interactions i, i + 3 and i, i + 4
might have reinforced this formation. The molecule has also no
a-helical structure in the C-terminal portion between Gln-7 and
Met-9 residues. The mobility related to the presence of Gly-8,
associated with the proximity of two hydrophilic residues, Gln-7
and Gly-8, probably justiﬁes the random conformation in this
small part of the molecule. The absence of H-bond in residue
Gln-7 and Gly-8, as showed in Table S5, also reinforce this result.
Random conformations in the absence of certain hydrophobic
conditions like micelles or membranes have been observed before
for other linear antimicrobial peptides. Indeed, data reported here
corroborate the theoretical data presented for Cn-AMP1 by using
molecular modeling [9,11]. Moreover, other AMPs also showed
similar structural transitions. In the case of the multifunctional
peptide Pa-MAP1 [21], derived from a polar ﬁsh, a conformational
transition was detected in which a random fold in water was
observed by circular dichroism spectral data and molecular
dynamics. Nevertheless, in this same report a full a-helical core
for this same peptide was observed in SDS and TFE environments.
In summary, it seems that conditions could directly affect multi-
functional and promiscuous peptides, as previously suggested by
Franco [10], in a review that proposed that functions in fact are
not only related to the primordial plant peptide structures but also
to micro-environmental conditions that could drive the peptide
fold. This idea was reinforced by the curiously parallel behavior
observed here for other linear AMPs, including PGLa, a member
of the magainin family [22], and LL37 [23], suggesting that their
activity, especially at membrane levels, could be largely governed
by micro-environmental properties, or in this case the constituent
lipids [22]. Otherwise, selectivity against different cell types couldTable 1
Statistical data of the 20 lowest energy structures of the peptide Cn-AMP1.
Total distance restraints 118
Intra-residuals |i  j| = 0 43
Short distance 33
Average distance (2 6 |i  j| 6 5) 42
Average restrictions per residue 13.1
RMSD (Å) all atoms 0.43 ± 0.16
RMSD (Å) a-helix 0.25 ± 0.19
Energy (kcal mol1) 10.9
Residues in favored regions on Ramachandran diagram 95.1%
Residues in allowed regions on Ramachandran diagram 4.9%be additionally run by an electrostatic attraction between the pep-
tide and cellular surface. Interestingly, not only transitions
between the random and helical structures have been observed.
Some peptides may adopt, according to their primary structure
and certain conditions, an a-helical structure able to disrupt DMPC
and DMPG vesicles, in the case of non-selective peptides, or a
b-sheet structure only capable of permeabilizing DMPG vesicles,
in the case of selective peptides [24]. These data indicate that
structural perturbation induced in selective peptides is much
higher when compared to induction of non-selective peptides in
the presence of lipids. This perturbation is associated with peptide
aggregation due to higher concentrations and peptide orientation
caused by the presence of lipids.
The values of root mean square deviation (RMSD) calculated by
the PyMOL software are clearly indicative of the enhanced confor-
mational ﬂexibility of peptide structure. These values are obtained
by overlap of the 19 lowest energy structures, compared with the
lowest energy structure. The RMSD values that are considered
optimal for proteins are located in the range 1.0 <RMSD> 0.5, and
can vary depending on the peptide [25]. Although the value calcu-
lated for the peptide under study is below the ideal (0.43 ± 0.16),
the value here observed is representative, since the variation is
within the expected error and also the RMSD tends to ﬂuctuate
with the molecule’s dimensions. In such cases, larger compounds
imply higher RMSD values. In this context, as the peptide under
study has only nine residues in the chain, a lower value for this
parameter is justiﬁed [26]. Furthermore, the quality of Cn-AMP1
structures was evaluated by analyzing the Ramachandran diagram
that is part of the PROCHECK-NMR software [18,25]. The peptide
has a consistent distribution in the Ramachandran diagram, with
95.1% of the residue being located in a-helix favorable regions
and only 4.9% of residues located in a region of lower energy stabil-
ity. It is important to note that only glycine residues, which are
known to provide great ﬂexibility to peptide structure due to their
low steric hindrance, are located in this region. Thus, the
Ramachandran diagram indicates a top structural quality obtained
for the peptide Cn-AMP1 (Fig. S4).
The role of glycines in peptide ﬂexibility was previously
observed for other linear peptides. Clavanin, a peptide isolated
from the tunicate Styela clava shows two glycines at positions 6
and 13. Both glycines might act as ﬂexible pivots that enable the
hydrophobic clavanin N-terminal to be inserted into the bacterial
membrane bilayer [27]. Moreover, a glycine-rich antimicrobial
peptide isolated from guava seeds also showed numerous glycines
that improve ﬂexibility and seem to be closely involved in bacteri-
cidal activity [28], suggesting that glycines from Cn-AMP1 could be
important to antimicrobial function since they improve peptide
ﬂexibility.
Other structural features also seem to be important for
antimicrobial activities, including the cationic surface and amphi-
pathicity. In the latter, calculations for this Cn-AMP1 structure
indicated a hydrophobic rate of 25%, given the relative hydropho-
bic moment. This moment deﬁnes the amphipathic peptide proﬁle,
which seems to be important for interaction with the cell surface,
as previously described, together with other multiple factors that
included aggregation and charges [29].
Finally and no less importantly, in order to evaluate the kinetics
of exchange of the backbone HN of each residue, the exchange NMR
experiment (H/D) was performed by acquiring TOCSY correlation
maps of 1 mM Cn-AMP1 in the presence of 100 mM of SDS-d25
and 550 lL of H2O/D2O (60:40) at pH 3.97 (Fig. 4). The correlations
at d 3.80, d 3.86, d 4.24 and d 4.31 assigned to the Ha of Gly-4, Gly-
8, Arg-5 and Met-9, respectively, were observed after 427 min. At
the end of the experiment (732 min), low intensity correlations
were observed in the chemical shift at d 3.78, d 4.12 and d 4.34,
which were attributed to the Ha of the Gly-4, Arg-5 and Met-9
Fig. 3. (A) Model of Cn-AMP1 random structure (B); backbone overlap of the ﬁnal 20 lowest-energy structures of 1 mM Cn-AMP1 peptide in presence of 100 mM SDS-d25
micelles, at 25 C and pH 3.97. Helical formation is showed in ribbon, between Ser-1 and Ala-6 residues; (C) top view.
Fig. 4. Fingerprint region of TOCSY correlation map for 1 mM of Cn-AMP1 peptide in the presence of 100 mM SDS-d25, at 25 C and pH 3.97. (A) Original TOCSY, 90:10
(H2O:D2O); (B) exchange TOCSY H/D, 40:60 (H2O:D2O), after 427 min; (C) exchange TOCSY H/D, 40:60 (H2O:D2O), after 732 min. (D) Representation of the lowest energy
structure of Cn-AMP1. The blue color shows the region of possible interaction with the cell membrane.
M.J. Santana et al. / FEBS Letters 589 (2015) 639–644 643residues, respectively (Fig. 4). The NMR exchange experiment H/D
showed that most of the HN signals of the HN-Ha correlation region,
responsible for the peptide interaction with the cell membrane,
disappeared and only those correlations assigned to Gly-4, Arg-5
and Met-9 were still present. This suggests a low solvent accessi-
bility of these residues due to the interaction with the micelle. In
the case of the Met-9 residue, which is not located in a helical
region, the lower susceptibility to exchange suggests that this
residue must lie immersed in the micelle, increasing the time
required for such an exchange. The results of the exchange exper-
iment and the presence of the positively charged residue (Arg-5)
indicate that this is a possible interaction face with the cell mem-
brane. Furthermore, Fig. 4D shows a possible Cn-AMP1 region that
could show clear interactivity with negative surfaces, including
bacterial membranes or nucleic acids, which are common targets
for antimicrobial peptides [28].Arginine residues are extremely important for a wide number of
biological processes involving cell membranes. They are commonly
found in antimicrobial and cell-penetrating peptides, which fre-
quently contain a great number of cationic residues joined with
hydrophobic residues across different structures [30,31]. It has
been demonstrated that some antimicrobial peptide classes, such
as human a-defensins [32] and plant c-defensins [33], need
arginines exposed on the peptide surface and their removal or
substitution reduced bacterial killing activity. Moreover, although
some reports have described the need for several arginines [33],
Cn-AMP1 just shows a single Arg-5 exposed, which suggests that
a single arginine is sufﬁcient to start the antimicrobial activity
process. This fact was corroborated by simulations performed by
MacCallum et al. [34] that suggest that transfer of multiple argi-
nine residues into the membrane bilayer core is non-additive.
Therefore, the cost of making a water defect for the ﬁrst arginine
644 M.J. Santana et al. / FEBS Letters 589 (2015) 639–644is the foremost energy factor. Once this imperfection is formed, the
price of relocating additional arginines is negligible and can even
be negative, with only a single arginine needed to start and
maintain the complete process.
4. Conclusions
In summary, CD and NMR analyses performed here showed the
ﬁrst structural elucidation of the disulﬁde-free multifunctional and
promiscuous peptide from plant sources named Cn-AMP1. Data
reported here showed that peptide structure is transitory and
could be different according to the micro-environment. In this
regard, Cn-AMP1 showed a coil in a water environment or an
almost complete (66.7%) a-helical structure in the presence of
SDS-d25 micelles at pH 3.97. Moreover, deuterium exchange exper-
iments showed that the Gly-4, Arg-5 and Met-9 residues are less
accessible to solvent, suggesting that ﬂexibility and cationic
charges presented by those residues may be essential for the devel-
opment of Cn-AMP1 multiple activities. This information directly
contributes to structural classiﬁcation of plant peptides, providing
novel insights into structure–functional relations in disulﬁde-free
peptides. This, in turn, could be used to design novel and better
peptides that could be biotechnologically applied to control
bacterial infections and cancers.Acknowledgements
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